Abstract Despite the increasing popularity of total lumbar disc replacement (TDR) in predominantly young and active patients, no previous study has addressed possibilities, limitations and potential risks regarding athletic performance following TDR. Mechanical concerns remain and the implant's resilience as regards its load-bearing capacity during sporting activities is unknown. Thirty-nine athletic patients fulfilled the inclusion criteria for this study. These patients participated in a large variety of different types of sport. Significant and lasting pain-relief was attained following TDR with a mean follow-up of 26.3 months (range 9-50.7 months; FU rate 97.4%). Sporting activity was resumed within the first 3 months (38.5%) to 6 months (30.7%) with peak performance being reached after 5.2 months. Thirty-seven patients (94.9%) achieved resumption of sporting activity. Athletic performance improved significantly in 33 patients (84.6%). Minor subsidence was observed in 13 patients (30%) within the first 3 months with no further implant migration thereafter in 12 patients. Participation in all types of sport recorded in this study was accessible for a high rate of patients up to the level of professional athletes as well as those participating in extreme sports. Preoperative participation in sport proved to be a strong positive predictor for highly satisfactory postoperative outcome following TDR. In a selected group of patients, however, preoperative inability to participate in sporting activities did not impair postoperative physical activity. Due to the young age of the patients and significant load increase exerted during athletic activities, persisting concerns regarding the future behaviour of the implant remain and will require longer follow-up, modified investigation techniques and larger patient cohorts.
Introduction
Over the last two decades, efforts have been made to preserve segmental mobility instead of fusing spinal motion segments for the treatment of lumbar degenerative disc disease (DDD). The first series of prospective, randomized FDA-controlled IDE-studies have shown comparable results between disc-arthroplasty and fusion procedures in a highly selected patient population [6, 16, 43, 58] . Following FDA-approval of the SB Charité III prosthesis (Waldemar-Link GmbH, Germany), a dramatic increase in the number of disc replacement procedures is expected over the next decades.
Due to increasing prevalence of previously defined contraindications to TDR with age [29] , total lumbar disc replacement (TDR) is predominantly performed in younger patients engaged in varying physical and sporting activities and with high subjective expectations regarding their postoperative performance. Nevertheless, literature has not previously addressed possibilities, limitations or risks associated with postoperative physical activity or sporting performance following TDR. Presently, no consensus has been reached regarding the time frame in which patients can resume their sporting activities and no study has focussed on the ability of patients to participate in different sports.
Previous studies of in vivo intradiscal measurements reported significant shear and compressive forces exerted upon lumbar discs during activities of daily living [35, 57] . A rapid increase of forces is to be expected during sporting activities (Table 1) . However, the subsequent impact arising from sporting activities such as repetitive axial/rotational stress or sudden exposure to high external forces to the implants has not been addressed at this stage. Mechanical concerns remain and the implant's resilience as regards its loadbearing capacity during sporting activities is unknown.
In this study, we describe our experiences with TDR (ProDisc II; Synthes, Paoli, USA) in a selected group of athletic patients with varying sporting exposure and different biomechanical demands from the level of hobby athletes up to the level of professional athletes and patients practising extreme sports.
Materials and methods

Study protocol and patient selection
Patients included in this series are part of an ongoing prospective, non-randomized study, of which preliminary results as well as 3-year results for different indications have been published previously [42, 51] . Between July 2000 and November 2005 lumbar disc replacement with ProDisc II was performed in 215 patients. The majority of these patients participated in some kind of physical activity preoperatively such as swimming, cycling, walking or weight exercises as part of their conservative preoperative workout program.
However, only 39 patients participating significantly in sporting activities fulfilled inclusion criteria for this study as outlined in Table 2 .
The minimum frequency for participation in athletic activity required was 2·/week either pre-or postoperatively. Changes in activity frequency and performance level were recorded and evaluated. Furthermore, patients who participated in a variety of extreme sports (e.g. marathon running, parachute jumping, wild-water rafting, etc.) with exposure to either repetitive forces or high-impact external loads as well as professional athletes and patients that relied on sporting activity for their income were included in this study.
All patient data was collected and patients were examined preoperatively as well as 3, 6 and 12 months postoperatively. Then followed routine annual examinations by an independent observer not involved in preoperative decision-making (C.J.S.). Standardized study documentation included visual analogue scale (VAS), the Oswestry-Disability-Low-Back-Pain-Questionnaire (ODI) [18] as well as other clinical and radiological parameters. All patients received a separate questionnaire which focussed on numerous sport-related issues regarding subjective evaluation of pre-versus postoperative sporting activity, athletic status, level of competition, personal limitations, etc. Patients subjectively evaluated the success of the disc replacement operation. The subjective outcome evaluation was divided into three categories, namely 'completely satisfied', 'satisfied' or 'not satisfied'.
Preoperative diagnosis was based on lumbar X-rays and MRI-images. All patients underwent fluoroscopically guided diagnostic injections to exclude facet joint and/or sacroiliac joint pain preoperatively. Patients with significantly positive pain relief of >50% following these injections were excluded from this study and were not considered candidates for TDR.
The role of discography in identifying discogenic pain remains debated. Previous studies showed a high Morris [46] Half-squat exercises with weights 0.8-1.6· body weight 10· body weight compressive loads across L3/4 segment (70 kg person approx. 7,000 N)
Cappozzo [9] Football linemen, blocking manoeuvres >8,600 N peak compressive force 3,300 N average peak sagittal shear force L4/5 motion segment Gatt [20] Competitive weight-lifters >17,000 N average compressive loads L4/5 motion segment Cholewicki [13] rate of false positive and negative results equally, [10] failure of the patient to distinguish between concordant and non-concordant pain, [11] 100% 'memory pain' in patients with abnormal psychometric testing [11] as well as 0.5% infection rate [5, 11] . Moreover, since there is no evidence-based data available regarding the potential predictive value of discography for clinical outcome, a discogram was not employed as a diagnostic tool in the present study.
At each follow-up (FU), radiographs of the lumbar spine were taken in ap-and lateral view as well as dynamic flexion/extension images. Images at last FU were digitalized and assessed for proper implant positioning, minor subsidence or dislocations. Two independent observers (C.J.S., M.F.K.) analysed the radiographic images using a custom-made software which enabled the measuring of angles and distances (Medimage, VEPRO AG, Pfungstadt, Germany). 'Dislocation' was defined as migration of the implant ‡6 mm with secondary functional impairment whilst the term 'subsidence' described minor migration (£5 mm) and intact function of the implant on functional X-ray images.
Functional flexion/extension images were analysed for segmental range of motion (ROM) at the index level preoperatively and at the last FU examination. Standard Cobb measurements were used to determine the preoperative ROM at the instrumented levels [25] . Conversely, the spikes of the upper and lower prosthesis-keels were used as radiological landmarks to determine the postoperative segmental ROM. This method has been described and recommended in previous studies due to improved precision and inter/intraobserver reliability [8, 38, 39] .
Low-back pain (LBP) was the leading complaint in all patients where extensive conservative therapy for a minimum of 6 months had proved unsuccessful. In cases of accompanying sciatica, the amount of LBP exceeded 80% of overall complaints. Contraindications for lumbar disc replacement are listed in Table 3 .
The disc spaces were approached through a miniopen laparotomy as described previously. [41, 42] Implantation of the ProDisc II implant was performed according to the manufacturers guidelines [3] .
Statistical analysis
All data was recorded using Microsoft Excel 2002 (Microsoft Inc., Redmond, WA) and transferred to SAS V9.1 (SAS Institute Inc., Cary, NC, USA) for statistical analysis. For group sample analysis, paired Student's t test was performed. For comparison of different groups, two-tailed Mann-Whitney U-Wilcoxon rank sum test was performed. Statistical significance was defined and accepted as P < 0.05.
Results
Patient distribution
A total of 39 patients (21 male, 53.8%; 18 female, 46.2%) fulfilled inclusion criteria for this study as listed in Table 2 . Preoperative diagnosis included degenerative disc disease with (n = 14) and without (n = 13) Modic changes, DDD with accompanying soft disc herniation (n = 2), and nine patients following previous discectomies. In one patient, lumbar disc replacement was performed at L5/S1 due to adjacent level degeneration at the lumbosacral junction 4.5 years after a previous fusion procedure at the L4/5 level.
The average age of the patients was 39.8 years (range 26.2-58 years). Forty-two disc replacements were performed in 39 patients. The operations were performed mono-segmentally (n = 36; 92.3%) and bisegmentally (n = 3; 7.7%). Monosegmental disc replacements were performed at the lumbosacral junction (L5/S1; n = 26; 66.7%) as well as at the level above the lumbosacral junction (L4/5 and L5/6; n = 10; 25.6 %). Bisegmental disc replacements were performed at the levels L4/5 and L5/S1.
Thirty-eight out of 39 patients were available for follow-up (FU rate 97.4%) with a mean follow-up of 26.3 months (range 9-50.7 months). One patient lost to follow-up was last seen 3 months postoperatively after she had sustained a traumatic L1-fracture following a fall during horse-riding. However, the patient was able to resume sporting activity after conservative treatment following the trauma and completed a telephone interview 52 months postoperatively.
Intraoperative/perioperative data The overall operating time averaged 106 min for monosegmental operations (range 58-180 min) and 156 min for bisegmental procedures (range 103-185 min). The recorded volume of blood loss averaged 134 ml for both mono-and bisegmental TDR groups (range 10-600 ml, SD 125 ml). Access to the disc space was achieved through an anterior retroperitoneal access in 32 patients (82.1%), a transperitoneal approach was used in 7 patients (17.9%). Patients were mobilized from the first postoperative day on without additional support and a postoperative rehabilitation program was encouraged in all cases. Peri/postoperative complications are outlined in Table 4 and included a total of 5 complications (12.8% overall complication rate). Two patients required revision surgery (5.1%). One revision was due to a haematoma of the abdominal wall, the other was due to an adjacent segment disc herniation. Postoperative participation in athletic activity was only temporarily negatively influenced by the occurrence of the listed complications.
Clinical outcome
Average reduction for VAS from preoperative levels (VAS preop = 7.1) was 5.7 (range 0.8-9.1) and preoperative ODI of 37.7% was reduced on average by an absolute value of 30.0% (range 8-60%) at the last FU examination which represents a 79.6% relative improvement (Fig. 1a, b) .
Results from patients in this study were compared to those of patients from an ongoing prospective study [51] for which pre-or postoperative athletic activity was not a study inclusion criteria. Preoperative levels of VAS or ODI did not reveal any significant differences between the two cohorts. In both groups we were able to detect significant and lasting improvement throughout the entire postoperative course (Fig. 1a, b) . However, greater improvement for both VAS and ODI was seen in patients from this cohort with athletic activity. Differences between both groups were significant for both VAS and ODI (P < 0.05) in favour of results from athletic patients at all postoperative stages with the exception of VAS at 12 months. This nevertheless revealed a tendency towards statistical significance (P = 0.068).
Subjective outcome evaluation
Patient satisfaction rates in this cohort were significantly superior compared to our previously reported overall results [42, 51] . Asked for their subjective evaluation of total disc replacement, 33 (84.6%) of the patients were 'completely satisfied' at the time of their last follow-up and recorded their result as 'excellent', 4 patients (10.3%) were satisfied and marked 'good' results, whilst 2 (5.1%) of the patients were not satisfied with their personal outcome. Thus, 94.9% of the patients were satisfied or highly satisfied overall. High subjective satisfaction rates were reflected in the overall rate of patients being back in a working environment of 81.1% as compared to 68.1% from our overall results [51] .
Back to work
Whilst 23 patients (59%) were actively professionally engaged on a full-time (n = 20; 51.3%) or part-time basis (n = 3; 7.7%) preoperatively, this number increased considerably to 79.5% (n = 31) postoperatively following total lumbar disc replacement. At last FU, 26 patients (66.7%) were employed on a full-time basis, 5 patients (12.8%) on a part-time basis, respectively. Four patients (10.3%) reorganized their professional life after surgery and found themselves in a new working environment.
Only one patient (2.6%) received worker's compensation preoperatively in this highly selected patient cohort. However, the patient was not able to benefit from the disc replacement procedure with regards to the working status with ongoing worker's compensation claims at last FU. Similarly, two patients that were already unemployed preoperatively did not benefit with regards their postoperative working status.
Resumption of sporting activity
Fourteen patients (35.9%) were disabled to an extent that did not allow any athletic activity preoperatively, whilst 25 patients (64.1%) participated in sport but at a reduced level up until the time of surgery. On average, preoperative duration of absence from sport due to LBP was 2.5 years (range 0-8 years).
The majority of patients (69.2%) resumed physical activity within the first 3 months (n = 15; 38.5%) and 3-6 months (n = 12, 30.7%) following TDR, respectively. According to the patient's subjective evaluation, full recovery and peak fitness was achieved after 5.2 months (range 1.5-24 months) postoperatively.
Two patients (5.1%), both with disc replacements performed at the lumbosacral junction, were not able to participate in physical/athletic activity due to unsatisfactory results with persisting low-back pain, leaving an overall return to sport rate of 94.9%. Out of these, reduced athletic activity was recorded in four patients, in three patients due to reasons unrelated to surgery. Reduced athletic activity due to persisting LBP following TDR was therefore observed in three patients overall (7.7%).
Excluding one of the above-mentioned unsatisfactory results, the remaining 24 patients from the patient cohort that was still actively engaged in sports before surgery (n = 25) were able to resume athletic activity postoperatively (96% return to sport rate in this cohort).
Overall, participation frequency in sport increased 194% from 1.7·/week preoperatively to 3.3·/week postoperatively.
At last FU, the majority of patients participated in a variety of different athletic activities. On average, each patient was engaged in 3.3 different types of sport. Athletic activities and different sports were subdivided according to the patients' preferences into 'primary' and 'secondary' sports, summarized and outlined in Table 5 and Fig. 2 . Most popular athletic activities included cycling, running, fitness (gym), swimming as well as outdoor sports (mountaineering, rock climbing, skiing, snowboarding).
A subjective evaluation of the patient's individual postoperative athletic performance is outlined in 
Level of competition
Professionals
Five patients were either professional athletes or relied on full-time athletic activity for their income: one professional soccer player (>20 games/season), one professional dancer (ballett), one fitness-instructor (Gym), one instructional teacher for back exercises and one sports teacher (high school). Another patient was seasonally employed on a part-time basis as a skiing instructor. Overall, six patients (15.4%) relied on professional athletic activity for their income. With the exception of the high-school teacher who was already on sick leave 4 years prior to surgery and claiming workers compensation, all professional athletes were able to fully resume their athletic activity.
Semi-professionals/competitive athletes
A further six patients (15.4%) considered themselves as highly motivated and ambitious athletes: two marathon runners, one half-marathon runner, one patient involved in mountaineering/skiing (>10 h/week) and one tennis player. A former golf professional retired 5 years prior to surgery and did not return to his previous level of professional activity due to reasons unrelated to disc replacement surgery. However, the patient continued playing golf on a semi-professional competitive level.
One runner participated in a marathon 3 months postoperatively despite medical restrictions and reported five times participation in marathon competitions following TDR at 51 months FU. Furthermore, one patient practising archery and one practising crosscountry motor biking ('Enduro Racing') similarly participated in athletic competitions.
Overall, nine patients practised sport at a competitive level with an average of 6.5 competitions/year. 
Hobby athletes
The majority of patients in this study regarded themselves as hobby athletes (n = 27; 69.2%) and participated in a wide variety of different activities (Fig. 2 , Table 5 ). Average participation in sporting activities in this group was 2.7·/week, the majority of patients (56.5%) practising £5 h/week.
Varying sporting activities
Contact sports
No specific type of sport was detected as unsuitable following TDR. However, two patients previously involved in contact sport at a high level (karate, wrestling) did not achieve their previous level of activity. Whilst the patient participating in wrestling reported reasons unrelated to surgery, a former black-belt karate-instructor complained of acute onset of LBP from sudden rotational high impact movements limiting his athletic performance which led to a modification of his athletic activities.
Parachute/trampoline jumping
One patient, participating in parachute jumping as a secondary sport, performed first free-fall jumps from >10,000 feet altitude at 3 months postoperatively without medical permission and described only minor temporary LBP. X-ray follow-up did not reveal any pathological findings and no influence on implant positioning. Another patient resumed occasional diving/trampoline jumping as a secondary sport 6 months postoperatively. Follow-up in this patient to evaluate the impact of his secondary sport (9 months FU) was too short. However, at the time this article was written, the patient did not report any complaints.
High-impact sports
Other high impact sports included soccer, cross-country motor biking ('Enduro Racing'), wild-water rafting and sea-kajaking and were performed with no or only minor restrictions up to a competitive level.
Analysis of different motion patterns
When asked which motions were most difficult to perform following disc replacement surgery the majority of patients marked jumping, remaining in fixed position (each n = 12; 30.8%) and rotational movements (n = 10; 25.6%) as most limiting (multiple answering allowed). Another six patients (15.4%) felt limitations during running whilst two patients (5.1%) marked heavy lifting as most limiting. Interestingly, only three patients (7.7%) marked limitations for flexion/extension movements.
Level of activity
Whilst 14 patients had to abstain from athletic performance in the months prior to surgery due to intractable LBP, the remaining 25 patients were still actively involved in sport to a varying extent up until the time of surgery. Interestingly, postoperative outcome was not necessarily negatively influenced by preoperative abstinence from sport in this preselected group of patients (Fig. 3a, b) . Both groups showed significant and maintained improvement throughout the entire FU period (P < 0.001) and no significant difference for functional outcome parameters VAS and ODI was detected between them (P > 0.05).
Radiological evaluation
Implant migration
According to our previously described definition of the terms 'disclocation' and 'subsidence', we did not observe any implant dislocations. Subsidence was noted in n = 13 patients (30%) overall. In 11 patients, minor subsidence of 2-3 mm was recorded, whilst subsidence ‡4 mm was observed in 2 patients (Fig. 4) . Subsidence occurred within the first 3 months following mobilization of the patients. No further implant migration was noted thereafter. However, migration of the implant slowly continued in one patient with recorded subsidence of 4 mm at 44.6 months follow-up.
Range of motion
Preoperatively, ROM averaged 5.9°(range 0°-19.3°) at the index level. Following TDR, average postoperative flexion/extension ROM was maintained but remained virtually unchanged with 6.5°ROM at the instrumented segment (range 0°-14.5°). ROM was 5.9°(range 0°-14.5°) for disc replacements performed at the lumbosacral junction (L5/S1, n = 26) and 7.2°(range 0°-13.2°) for L4/5 TDR (n = 7), respectively. Out of three bisegmental disc replacement procedures (L4/5/S1), two patients showed satisfactory range of motion (mean 13.4°at L4/ 5 and 9.9°at L5/S1), whilst one patient showed virtually no motion (< 1°) at both operated segments.
Overall, a ROM of £5°was observed in n = 15 out of 39 patients (38.5%). Eleven (28.2%) were observed following lumbosacral disc replacement procedures, which represents a total of 42.3% of all TDRs performed at L5/S1 (n = 26). Two TDRs performed at L4/ 5 similarly showed a ROM of £5°, representing 28.6°( n = 7) of all L4/5 disc replacement procedures, respectively.
Discussion
Published rates of low back pain (LBP) in athletes have been reported to range from 1 to 30% depending on gender, type, frequency, intensity of athletic activity and technique during athletic performance [2, 21, 23, 50, 55] .
According to a literature review by Bono [7] participation in sporting activities seems to be a risk factor 
for the development of disc degeneration with conservative treatment representing the mainstay of treatment of discogenic LBP in the athlete. Over the past two decades, disc arthroplasty has become increasingly popular for the treatment of lumbar degenerative disc disease without true deformity or instability. FDA-controlled investigational device exemption (IDE) studies have shown comparable results between disc replacement with Charité III and lumbar fusion procedures performed with BAK cages at short-to mid-term follow-up [6, 16, 43, 58] . The authors reported a faster postoperative mobilization and shorter recovery time for patients with artificial disc replacements.
Due to an increasing prevalence of commonly accepted contraindications with age [29] , TDR is predominantly performed in young and active patients. Despite increasing popularity of disc arthroplasty, current literature has not addressed postoperative physical activity or sporting performance following TDR.
We have observed good and excellent results in 94.9% of a selected group of athletic patients following TDR. However, in a young population with high subjective expectations as presented here, definition of the term 'successful result' must take into consideration whether patients will be able to resume sporting activities on a satisfactory level. We could show that 84.6% of the patients reported improved (43.6%) or unlimited (41.0%) athletic activity up to the level of professional sports and extreme sports. Patients in this study participated in a variety of different activities, each with unique physical requirements and distinct patterns of movements and forces acting on the lumbar spine and the implant. We did not find a specific sport that was less tolerated by the patients. However, high contact sports in particular such as karate or wrestling require further evaluation with longer follow-up and larger patient numbers.
The ability to perform and participate in physical activity up until the time of surgical intervention ODI between patients with preoperative abstinence from sport due to low-back pain and patients still participating in athletic activity until lumbar disc replacement surgery Fig. 4 Implant subsidence of 4 mm was observed within the first three postoperative months following total lumbar disc replacement at L5/S1. Despite continued physical activity (cycling, mountaineering) no further migration of the implant was noted thereafter proved to be a highly positive predictor for excellent postoperative results which is also reflected in significantly superior results from patients in this cohort compared to our previously published overall results for patients in which athletic activity was not an inclusion criteria [42, 51] . Similar to our findings, Wang [56] also reported favourable results for a cohort of college athletes following discectomy in comparison to results from the general population. Interestingly, in a recent study, Le Huec [31] correlated postoperative outcome with the degree of fatty posterior muscle degeneration and found better outcome for patients with muscle degeneration grades 1 and 2 compared to grades 3 and 4 according to the Goutallier classification system. As was further shown in this study, however, preoperative absence from athletic activity due to LBP did not necessarily impair resumption of sporting activity. Excellent postoperative results were similarly achieved in patients that were preoperatively physically active and patients that were not able to participate in sport before surgery in a preselected group of patients (Fig. 3a, b) . This emphasizes the role of postoperative rehabilitation and mobilization as a key factor for clinical success as has been mentioned previously [15, 22] . In a radiographic analysis Cinotti [15] reported greater mobility at the operated levels in patients who began to exercise 1 week after surgery than those who wore a corset for 3 months. Similarly, other authors adhere to the philosophy of an early and active rehabilitation following TDR [22] .
Valuable information about possible postoperative load increase was gained from patients that did not comply with medical restrictions and continued athletic activity from an early postoperative phase. Based on these results and the findings of this current study, the postoperative rehabilitation program was therefore modified over time. Following an uneventful disc replacement procedure, patients in our institution are mobilized from the first postoperative day with physiotherapeutic assistance and without additional external support. Early resumption of physical activity is encouraged on a moderate level in non-contact sports (e.g. swimming, cycling) within the first 3 months following a short rehabilitation period. Solid osteointegration of the implants allows for further load increase and participation in preoperative sporting activities from 3 to 6 months postoperatively. In an uneventful postoperative course, participation even in highly demanding physical contact sports/extreme sports (e.g. marathon running, parachute jumping, soccer) has been shown to be accessible and may be resumed from 4 to 6 months postoperatively.
One possible explanation for excellent postoperative results in this study might have been the high rate of monosegmental disc replacement procedures (92.3%). While other authors described equivalent results for monosegmental and multiple level disc replacement procedures [53] , our own results could not confirm such findings [51, 52] . Wang [56] described 90% return to sport rate in elite college athletes following monosegmental discectomies, whilst the authors stated two-level disease might be associated with a less favourable outcome. Unfortunately, the limited number of patients with bisegmental TDR in this study did not allow for statistical comparison between the two groups.
Furthermore, factors such as age, concomitant litigation or workers compensation, previously associated with negative influence on postoperative outcome [32, 40] were significantly less frequent in this athletic patient cohort as compared to our overall results.
The exact number of 'relevant' spine cycles experienced by a healthy adult remains a matter of speculation. Previous authors have published a wide range of an estimated 100,000-10,000,000 spine cycles per year [24, 34, 49] . Due to the young age of the patients and a considerable number of spine cycles over a lifetime period, additional wear rates from severe stress in competitive athletics must be addressed carefully. Forces on lumbar discs during activities of daily living from direct in vivo measurements have been described previously [35, 57] , and multiple times increase of forces with presently unknown influence on the UHMWE-inlay and implants are to be expected during athletic activities (Table 1) . Our radiological evaluation did not reveal any implant dislocations as a consequence of excessive external forces and we were not able to note any radiological macroscopic signs of UHMWPE-wear on conventional X-ray images. However, well-established methods for measurement of polythylene wear after total hip replacement such as computer assisted edge-detection techniques or even radiostereometric analysis are still lacking for lumbar disc replacements and were thus not available in this study [44] . Persisting concerns regarding the future of the implant therefore remain a matter of debate.
To date, there is no clear definition of the terms implant-'subsidence' and 'dislocation'. No radiological investigations which would allow a more detailed classification of different stages of implant migration are available.
According to our own definition, a 'dislocation' was referred to as a migration of the implant ‡6 mm with secondary functional impairment whilst the term 'subsidence' described minor migration (£5 mm) and intact function of the implant. No migration beyond 6 mm was observed in this study, whilst subsidence was noted in 30% of the patients. It has been reported previously that once subsidence occurs it will probably progress [33] . Various authors have reported on their concerns towards subsidence of implants [1, 48] , previously attributed to implant size and large difference in material properties such as elasticitymodulus and stiffness at the implant-endplate interface under axial compression [47, 49] . In the present study 12 out of 13 cases of subsidence occurred during the first 3 months following TDR and mobilization of the patients with no further implant migration thereafter. Similarly, Tropiano [54] reported a 31% rate of minor subsidence (<2 mm) in a cohort of non-athletes with no negative influence on postoperative results. Bertagnoli [4] described one incidence of minor subsidence 3 days following TDR at the index-level, with no increase thereafter and no negative clinical impact. We therefore believe that subsidence in this study was observed due to reasons unrelated to physical activity. However, longer follow-up evaluations will be required to further assess the possibility of implant migration due to excessive loads associated with athletic activities and decreasing bone mineral density in the aging patient.
Published reports show that the results of the new procedure are inconsistent with respect to restoration of segmental motion. A wide range of data has been reported with regards to flexion/extension ROM following TDR at the index and adjacent level [14, 16, 28, 36, 37] .
Results of this study show that segmental motion was maintained following lumbar disc replacement procedure in comparison to preoperative levels. Overall, the average ROM remained virtually unchanged with 5.9°(range 0°-19.3°) preoperatively and 6.5°ROM (range 0°-14.5°) postoperatively at the instrumented segment. However, previous results from other study groups indicated significantly higher ROM values for healthy adult volunteers [17, 19] .
Recently, various authors have reported low ROMvalues for sagittal flexion/extension movements following TDR procedures [28, 36] . It has been mentioned previously that a low ROM may be attributed to unsatisfactory postoperative outcome [30] . However, in this particular preselected cohort of active patients we observed a high subjective patient satisfaction rate. Similarly, Leivseth [36] reported that low ROMmeasurements following TDR may only partly be attributed to unsatisfactory postoperative outcome and persisting symptoms.
According to the FDA IDE study protocol, a ROM of less than 5°has been defined as a criterion for solid fusion. In a recent study, Lim [39] reported that due to measurement error, a ROM of at least 4.6°must be observed in order to be certain that an implanted artificial disc has any sagittal motion. Huang [28, 30] previously reported that 5°of motion may represent a protective threshold against adjacent level degeneration.
Subsequently, we conducted further investigations and supplemented results obtained from all patients with flexion-extension ROM of £5°. Overall, 38.5% (n = 15/39) of all patients showed a segmental ROM of £5°. This was seen in 28.6% (n = 2) of all TDRs performed at L4/5 and in 42.3% (n = 11) of all TDRs performed at L5/S1, respectively. Similarly, a ROM of £5°was observed in 39.3% of all patients following TDR with Charité III in the US FDA IDE study [45] .
However, the ideal range and quality of motion of a lumbar disc prosthesis remains yet unestablished. The question as to whether adjacent segment degeneration can be avoided following TDR by maintaining adequate and sufficient motion will therefore require longer FU and further investigation.
Conclusion
Athletic patients treated with total lumbar disc replacement for lumbar degenerative disc disease showed highly satisfactory results. Patients were able to perform a variety of different sporting activities up to the level of competitive sports, extreme sports and professional athletics. Preoperative ability to participate in sporting activity proved to be a strong positive predictor for satisfactory postoperative results. However, preoperative absence from sporting activities due to LBP did not imply inability to resume sport on a satisfactory level following disc replacement procedure in a preselected group of patients.
Minor implant subsidence was observed in 30% of patients during the first 3 months with no further implant migration thereafter and was therefore not attributed to sporting activity. No evidence of implant wear was seen in radiological follow-up evaluations. However, due to the young age of the patients and significant load increase during athletic activities, concerns about the future of the implant remain a matter of debate that will require larger patient cohorts, longer follow-up evaluations and modified examination techniques.
